Intraseasonal wind bursts in the tropical Pacific are believed to affect the evolution and diversity of El Niño events. In particular, the occurrence of two strong westerly wind bursts (WWBs) in early 2014 apparently pushed the ocean-atmosphere system toward a moderate to strong El Niño-potentially an extreme event according to some climate models. However, the event's progression quickly stalled, and the warming remained very weak throughout the year. Here, we find that the occurrence of an unusually strong basin-wide easterly wind burst (EWB) in June was a key factor that impeded the El Niño development. It was shortly after this EWB that all major Niño indices fell rapidly to near-normal values; a modest growth resumed only later in the year. The easterly burst and the weakness of subsequent WWBs resulted in the persistence of two separate warming centers in the central and eastern equatorial Pacific, suppressing the positive Bjerknes feedback critical for El Niño. Experiments with a climate model with superimposed wind bursts support these conclusions, pointing to inherent limits in El Niño predictability. Furthermore, we show that the spatial structure of the easterly burst matches that of the observed decadal trend in wind stress in the tropical Pacific, suggesting potential links between intraseasonal wind bursts and decadal climate variations.
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2014 El Niño | westerly wind bursts | easterly wind bursts | El Niño predictability | decadal climate change E l Niño, the warm phase of the El Niño-Southern Oscillation (ENSO), is characterized by anomalously warm water appearing in the central and eastern equatorial Pacific every 2-7 years, driven by tropical ocean-atmosphere interactions with far-reaching global impacts (recent reviews are in refs. 1-3). These interactions and El Niño development involve several important feedbacks, including the positive Bjerknes feedback [zonal wind relaxation leads to the reduction of the zonal sea surface temperature (SST) gradient and further wind relaxation] (4). Since the year 2000, there has been a shift in the observed properties of El Niño, including its magnitude, frequency, and spatial structure of temperature anomalies (5, 6) . For example, El Niño events occurred more frequently than during the previous two decades, but all were weak, and none reached the extreme magnitude of the 1982 and 1997 events. Concurrently, the rise of global mean surface temperature has slowed down with the so-called global warming hiatus (7) (8) (9) . The stalled development of the 2014 El Niño presents a showcase to explore the relevant connection and mechanisms of these changes.
At the beginning of 2014, many in the scientific community anticipated that a moderate to strong El Niño could develop by the end of the year (10) (11) (12) (13) (14) (Fig. S1 ). In March, the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center announced an "El Niño watch" based on predictions made by dynamical and statistical models (12) , attracting attention of the general public. Admittedly, these predictions encompassed large uncertainties because of the stochastic nature of the tropical climate system (15) (16) (17) . In May, the National Aeronautics and Space Administration (NASA) suggested that 2014 could potentially rival the strongest on-record event of 1997/19998 (Fig. 1B) , while acknowledging the large existing uncertainty (14) ; their projection was supported by satellite observations of strong Kelvin waves evident in sea surface height (SSH) (Fig. 2C) . The spread of spring forecast plumes from some climate models, for example that of the European Centre for Medium-Range Weather Forecasts (ECMWF), included the possibility of a failed El Niño (Fig. S1 ) but only as a low-probability outcome involving unusual instances of weather noise. The observed development fell near the limit of these forecast possibilities after June and July, and eventually, the 2014 warm event barely qualified as El Niño (Fig. 1A) .
The question then arises as to which dynamic factors controlled the temporal and spatial development in the tropical Pacific in 2014. This warm event began with a rapid growth, such that, in early June, all major Niño indices (Materials and Methods) along the equator were nearly identical to those during the same time of 1997 ( Fig. 1 A and B) . A substantial warming also developed along the Peruvian coast (Fig. 3A) . Then, the event's progression slowed down or even reversed. By year end, the equatorial warming barely exceeded 1°C, but the SST anomaly stretched uncharacteristically across the entire equatorial Pacific almost uniformly (Figs. 1A and 2A). Accordingly, the major goal of this study is to investigate this unusual development, identify the main factors that impeded this event, and explore its broad implications.
Evidence from Satellite-Based Observations Each El Niño event tends to be unique, albeit a part of a broad ENSO continuum (18) (19) (20) . Stochastic atmospheric forcing, including equatorial westerly wind bursts (WWBs) that often occur in the vicinity of the Dateline (21-23) and easterly wind bursts (EWBs) (24, 25) , contributes to El Niño diversity. Observational and modeling studies suggest that WWBs modulate the strength and timing of El Niño events (18, 20, (26) (27) (28) -for instance, the extreme El Niño of 1997 began after several strong WWBs (Fig. 1D and Fig. S2F ).
Conditions during the first several months of 2014 closely resembled those of the year 1997. The equatorial Pacific was
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The El Niño-Southern Oscillation is the dominant mode of climate variability in the tropical Pacific, with pronounced global teleconnections. Predicting El Niño and understanding its progression still present a challenge to climate scientists. At the beginning of 2014, many in the scientific community anticipated that a strong El Niño could potentially develop by year end, but the observed warm event barely reached the El Niño threshold. Here, we analyze satellite-based data and numerical simulations to show that an intense easterly wind burst that occurred in June of 2014 was the key dynamical factor that stalled the El Niño development. We discuss our findings in the context of limited El Niño predictability and explore links between intraseasonal wind bursts and decadal climate change.
heat-recharged (29) , as indicated by positive SSH anomalies in the western Pacific (Fig. 2C) . In January and February, two strong WWBs (Fig. 2B) , induced by paired tropical cyclones that formed on opposite sides of the equator (Fig. S3) , excited downwelling Kelvin waves ( Fig. 2 C and D ) similar or even stronger than those in 1997. Such twin tropical cyclones, often associated with convectively coupled equatorial waves (30) , can form for arbitrary tropical conditions but occur more frequently during El Niño growth, resulting in state-dependent WWBs. Subsequently, weaker WWBs followed, exciting subsequent downwelling Kelvin waves in late April. This entire development could have been the beginning of a strong El Niño, but why did it never happen? Surprisingly, westerly wind activity after the first two WWBs was very weak, and then, an easterly burst occurred in June, generating an exceptionally strong negative wind stress anomaly (Fig. 1C) .
The strengthening of easterly winds along the equator started in early May and reached maximum amplitudes by mid-June (Figs. 1C and 2B ). This EWB, stretching across the entire equatorial Pacific, was part of a large-scale atmospheric system that developed south of the equator (Fig. 3A) . It occurred along with the strengthening of the south Pacific subtropical high, with wind and pressure anomalies extending to 20°S or even farther south, and was accompanied by a cold SST anomaly in the subtropical southeast Pacific (Fig. 3A and Fig. S4A ). This EWB was about 40% more intense than the next strongest EWBs at the El Niño developing stage in terms of both daily and weekly values (the latter accounts for the burst duration) when zonally averaged over the equatorial Pacific (Fig. 3B) . Moreover, the burst induced the strongest zonal mean easterly wind stress anomaly during the entire period of satellite observations , including all La Niña and neutral years (Fig. 3B ). Note that, here, we use satellite-based wind data (Materials and Methods), shown to be superior over atmospheric reanalysis products (31) .
Because of the exceptional strength and long fetch of the June easterly burst, its dynamical impacts were felt almost immediately. Whereas the western boundary reflection of previously generated Rossby waves was minimal as seen from the spatiotemporal evolution of SSH (Fig. S5) , the EWB excited a strong upwelling Kelvin wave ( Fig. 2 C and D) that largely offset the initial warming in the eastern equatorial Pacific (Fig. 2A) . Simultaneously, the burst pushed back the warm pool ( Fig. 2 E and F) and cooled local SSTs ( Fig. 2A) . These impacts were apparently strong enough to stall the El Niño progression. Between June and July, the Niño indices dropped rapidly to almost normal values (Fig. 1A and Fig. S6 ). Another weaker EWB, now confined to the western Pacific, developed in July, possibly as an atmospheric response to the anomalous cooling in the central equatorial Pacific (Fig. 2B and Fig. S4B ).
The incidence of the EWBs was paralleled by a near absence of WWBs (32) , which are critical for El Niño development. Why was the WWB activity so weak in the second half of the year? As Variation in the zonal wind stress indices. These indices are obtained by averaging wind stress anomalies (in 10 −2 newtons per meter 2 ) in the equatorial Pacific zonally and between 5°S and 5°N and then selecting negative (blue; easterly anomalies), positive (red; westerly anomalies), or full values (black) (Materials and Methods). The spatial averaging is intended to take into account both the magnitude and the fetch of the wind bursts. During 2014, two early year WWBs were followed by an exceptional EWB in June (highlighted by pink and blue, respectively). This easterly burst apparently led to a rapid decrease of the Niño indices (A). In contrast, the 1997 El Niño exhibited persistent westerly wind activity throughout the year. The graphs start on January 1.
central Pacific warming (around the Dateline) by the eastward displacement of the warm pool ( Fig. 2A) . However, in 2014, because of the midyear easterly wind anomaly, these two warming centers did not converge and remained separate. Consequently, an anomalous negative zonal SST gradient persisted along the equator around the Dateline (Fig. S2B) , which strengthened the total east-west equatorial temperature gradient. This lasting twomaxima SST pattern effectively weakened the Bjerknes feedback in the second half of the year, weakening or inhibiting statedependent WWBs (Figs. 1C and 2B ).
Comparing the 2014 event with historic Central Pacific (CP) and Eastern Pacific (EP) El Niño (18, 19) (SI Text) highlights the dramatic turn that occurred midyear. Through May, the event's progression followed or outpaced the previous extreme EP events-the Niño3 SST increased very rapidly, whereas the warm pool expanded eastward by about 30° (Fig. 2E) . However, between June and August, there occurred an abrupt retreat, with the warm pool pushed back by 10°and the Niño3 SST all but reduced to its January values, which would be unusual, even for CP events (Fig.  2F ). After September, the warm pool expanded slightly eastward, and the SST increased a little, leading to a weak warm event at year end.
Previously, it has been suggested that an EWB may have suppressed the development of El Niño in 2012 (24) . However, in 2014, there were stronger early indications of an upcoming El Niño event favored by a combination of strong WWBs and a recharged ocean state reminiscent of the early 1997, whereas the midyear easterly burst was significantly more intense than that discussed in ref. 24 .
Climate Model Simulations
To further show that the intense EWB in June was a key factor stalling the 2014 El Niño, we perform numerical experiments with superimposed WWBs and EWBs using a state-of-the-art climate model (Community Earth System Model; CESM). After selecting an ocean initial state most closely resembling the early 2014, we conduct three sets of ensemble experiments (Materials and Methods): the first set is control (named CTL), the second set has the two observed WWBs superimposed (named WWB), and the third set has the observed June EWB added as well (named E+WWB) (Fig. S7) . First, we examine the ensemble mean results (Fig. 4B and Fig.  S8 ). The CTL set develops into a moderate El Niño, with the wintertime Niño3 and Niño4 indices reaching about 1.4°C (Fig.  4B) . Superimposing the two WWBs has a clear effect on the system, leading to a stronger El Niño, with the Niño3 index of 2.1°C (Fig.  4B) . However, adding the June EWB next, lasting just a few weeks, is sufficient to dampen the El Niño development; henceforth, the Niño3 and Niño4 indices reach only 1.1°C in December, lower than in the CTL set (Fig. 4B) .
Inspecting individual members of the ensembles provides further insights relevant to the 2014 event ( Fig. 4A and Fig. S9 ). As expected, each experimental set exhibits substantial spread among the ensemble members, characteristic of the stochastic nature of the system and resulting in overlap between the sets. In the CTL experiments, 9 of 10 members develop into El Niño events, but most of them are weak CP or hybrid events (Fig. 4A) . In contrast, in the WWB set, all ensemble members develop into moderate to strong EP events, and two become extreme events, with the wintertime Niño3 index exceeding 3.5°C (Fig. 4A) .
Thus, the WWBs significantly enhance the probability of an extreme El Niño, while shifting events from the CP to EP type in agreement with recent studies (18, 20) . Nevertheless, the superimposed EWB is able to push most of these events back to weak CP or even no warming at all (Fig. 4A) . In terms of temporal evolutions and spatial patterns, several cases in the WWB set closely resemble the 1997 El Niño, whereas some in the E+WWB set look similar to the 2014 event (Fig. S10). To test the robustness of our results, we have conducted a number of sensitivity experiments (SI Text) [for example, selecting different ocean initial states, adding the meridional wind stress component of the June EWB (Figs. 3A and 5A) , or adding the second EWB]-these experiments support our conclusion that the superimposed WWBs amplify the El Niño, potentially leading to an extreme event, whereas the EWBs inhibit (partially or entirely) its development.
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Implications for El Niño Predictability and Links to Decadal Climate Change
Thus, the evolution of the 2014 warm event, different from early expectations, has broad implications for El Niño predictability. Previous research has indicated that WWBs contribute to El Niño diversity (18, 20) and generally limit El Niño predictability (23, 33, 34) . Our findings suggest that EWBs, when occurring during the development phase of El Niño, represent another important factor limiting this predictability. A more comprehensive investigation of EWBs will be needed to address all relevant questions, including
Furthermore, the occurrence of the June of 2014 EWB, the strongest during satellite observations, coincided with the negative phase of the Pacific Decadal Oscillation, with persistently stronger easterly Trade winds (the corresponding increase in ocean heat absorption may have contributed to the global warming hiatus) (7, 8, (35) (36) (37) . Could such EWBs themselves be part of the decadal wind strengthening? In fact, the spatial patterns associated with the June of 2014 burst and wind stress trends over the tropical Pacific during the past two decades look very similar and not unlike an easterly burst composite for this timeframe (Fig. 5) . Thus, our findings point to potential links between short intraseasonal, longer interannual, and much longer decadal timescales, which can lead to decadal changes in El Niño properties. The dynamic mechanisms linking intraseasonal wind bursts and decadal changes in the Walker circulation will be investigated in a follow-up study.
Materials and Methods
Data and Key Variables. We use satellite-based or "blended" data products to take advantage of their high resolution in both time and space compared with in situ observations. In particular, we use the National Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center (NCDC) sea surface winds, which combine multiple satellite observations for wind speed with reanalysis products [National Centers for Environmental Prediction (NCEP) Reanalysis 2 and ECMWF NWP] for wind direction, and they are available at www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.html. Using these winds data, we compute surface wind stress based on the bulk formula used in a recent study (38) -the blended wind stress agrees reasonably well with that provided by NOAA NCDC. However, we did not use the NOAA NCDC wind stress directly, because their wind stress data are available only for years before 2011. Overall, the satellite-based winds are shown to be superior over atmospheric reanalysis products (31) . The main features of the satellitebased winds, including the winter WWBs and the June EWB, are also seen in in situ observations (e.g., at www.pmel.noaa.gov/tao/) and reanalysis data.
Furthermore, we use the NOAA Optimum Interpolation SST V2 Product (www.esrl.noaa.gov/psd/data) and the AVISO Absolute Dynamic Topography Product for SSH, which was produced by Ssalto/Duacs and distributed by Aviso, with support from CNES (www.aviso.altimetry.fr/en/data/productinformation/information-about-mono-and-multi-mission-processing/ssaltoduacsmultimission-altimeter-products.html). The resolution of these datasets is daily in time and 1/4°× 1/4°in space. For Fig. 2 E and F, we use the same SST dataset as mentioned above but with a coarser resolution: monthly in time and 1°× 1°in space. For ocean surface currents, we use the Ocean Surface Current Analyses -Real time (OSCAR) data-assimilated ocean current velocity with a 5-d temporal resolution and 1/3°× 1/3°spatial resolution (www.oscar.noaa.gov/). Sea level pressure is obtained from the NCEP Reanalysis 2 data provided by NOAA, with a daily temporal resolution and a 2.5°× 2.5°spatial resolution (www.esrl.noaa.gov/psd/). For the observations, anomalies are computed with respect to the 11-y climatology (1995-2005) typically used by NOAA when computing surface wind anomalies.
Niño3, Niño4, and Niño3.4 indices are defined as SST anomalies averaged between 5°S-5°N and 150°W-90°W, 160°E-150°W, or 170°W-120°W, respectively. For Hovmöller diagrams, all equatorial variables are averaged within the equatorial band 2°S-2°N. The Warm Pool Eastern Edge is defined following the work in ref. 39 as the position (in degrees of longitude) of the 29°C isotherm for the equatorial SST averaged within 2°S-2°N.
To assess wind variations, we use a zonal wind stress index obtained by averaging zonal wind stress anomalies over the equatorial Pacific from 120°E to 80°W and between 5°S and 5°N ( Fig. 1 C and D) . This wind index contains both high-frequency (intraseasonal) and low-frequency (interannual) signals. Furthermore, to distinguish WWBs and EWBs, we compute two similar indices but before taking averages over the same area, select only positive or negative values of wind stress anomalies, respectively. intraseasonal wind bursts as part of the model's stochastic atmospheric dynamics in the tropics. More details about the model and its ENSO simulation can be found in ref. 40 and references therein.
As the first step, to generate the reference state for the experiments, we ran the coupled model starting from its preindustrial equilibrium state for additional 50 y. This time interval was then used to compute the model climatology. Previous studies showed that the impact of WWBs on El Niño development strongly depends on the ocean initial state (18, 20) . Consequently, to replicate oceanic conditions of the early 2014, we inspected this reference run and then, selected an ocean initial state that closely resembled January of 2014 (details are in SI Text).
Next, we conduct three sets of experiments titled CTL, WWB, and E+WWB. They start with the same ocean initial state (the one selected from the reference run) but differ in whether we superimpose wind bursts or not. The CTL set has no externally imposed wind bursts. Within the WWB set, we add the two observed westerly bursts that occurred during January and February of 2014. Within the E+WWB set, we further superimpose the easterly burst of June of 2014 in addition to the two early WWBs. The timing, duration, and spatial structure of the bursts are taken from the satellite-based observations (Fig. 2B and Fig. S7 ). For westerly (easterly) wind bursts, only positive (negative) anomalies of zonal wind stress are used, and they are only within the regions specifically chosen to capture the main signals associated with the bursts. These regions are bounded between 10°S-10°N, and 120°E-168°E or 126°E-173°E for the two WWBs and 142°E-80°W for the EWB (Figs. S3 and S4 ). The durations of three imposed bursts are from January 16 to January 31, from February 13 to March 8, and from June 6 to June 19.
Following recent studies (18, 20) , each experimental set has 10 ensemble members, which start with the same initial ocean state on January 1 but an initial atmospheric state shifted by several days (from 0 to 9 d). Each experiment is integrated for 2 years starting from January 1. For the model output, anomalies are defined with respect to the model climatology based on the 50-year reference run. (6, 18, 20, 41, 42) . The former has the maximum SST anomaly located in the eastern equatorial Pacific, whereas the latter has the maximum SST anomaly located the central equatorial Pacific. The simplest definition of EP events is that the wintertime Niño3 index should exceed Niño4 and remain greater than 0.5°C, whereas for CP events, the Niño4 index should exceed the Niño3 index (6, 43, 44) . Sometimes, the term hybrid or mixed event is used when the Niño3 and Niño4 indices have comparable magnitudes and both exceed 0.5°C. Recent studies (18, 20, 45, 46) show that intraseasonal wind bursts play an important role in the El Niño diversity.
Supporting Information
It is instructive to examine the development of the 1997/1998 El Niño (Fig. S2 D-F) , because it bears many similarities with the 2014 warm event at the onset stage (Fig. S2 A-C) . At the beginning of 1997, the equatorial Pacific was in a recharged state with a substantial buildup of ocean heat content (26), setting favorable conditions for El Niño development (29) . A strong WWB occurred in March (Fig. S2F) , exciting downwelling equatorial Kelvin waves (26) , propagating eastward, and inducing warming in the eastern equatorial Pacific about 2 months later (Fig. S2D) . In addition to this remote effect, the WWB pushed the warm pool eastward, as revealed by the western Pacific warming slowly shifting eastward (Fig. S2D) . By June, the two warming centers in the central and eastern Pacific converged (Fig. S2D) , thus establishing an SST anomaly with a positive west-east gradient across the whole basin (Fig. S2E) . The positive Bjerknes feedback (4) further amplified the warming until the coupled system advanced into an extreme EP El Niño event ( Fig. 1 B and D) . WWBs that occurred in the central Pacific (Fig.  S2F) , which excited more downwelling Kelvin waves, were apparently part of the Bjerknes feedback and can be viewed as the atmospheric response to the warming in the central and eastern Pacific-a viewpoint supported by good agreement between the patterns of wind stress and zonal SST derivative anomalies (Fig.  S2 E and F) . Those subsequent WWBs are typically referred to as state-dependent wind bursts, which play an important role in the development and predictability of El Niño events (47) (48) (49) (50) .
Selecting the Ocean Initial State for Model Experiments. Previous studies showed that the impact of WWBs on El Niño development strongly depends on the ocean initial state (18, 20) . Consequently, to replicate oceanic conditions of the early 2014, we inspected the model reference run and then, selected an ocean initial state that resembled January of 2014 using three, albeit not necessarily independent criteria. (i) The equatorial ocean heat content is in a heat-recharged state [that is, temperature anomaly averaged over the equatorial basin (5°S to 5°N and 120°E to 70°W at 0-300 m) should be sufficiently positive].
(ii) The equatorial SSH anomaly is positive in the west but negative in the east, indicating that the heat recharge is localized mainly in the western Pacific. (iii) The equatorial SST anomaly is slightly negative in the central and eastern Pacific regions.
Additional Sensitivity Experiments. Additional sensitivity experiments were conducted to test the robustness of our model results. In the main experiments, only the zonal component of wind stress anomalies caused by the bursts was imposed. However, one may notice a strong meridional component in surface wind anomalies during the EWB (Fig. 3A and Fig. S4A ), which could contribute to the advection of cold water from the subtropical southeast Pacific toward the equator and thus, amplify the SST cooling in the central Pacific ( Fig. 2A and Fig.  S4B ). We conducted an additional set of sensitivity runs, wherein we added this meridional wind anomaly to the imposed EWB, but did not find any significant differences in terms of the simulated El Niño strength, which suggests that, in our experiments, the EWB impacts are dominated by the zonal component of surface wind stress. In another set of the experiments, we imposed the second (July) EWB (Fig. S4B) as wellits effect was to further dampen the El Niño amplitude by a few tens of degrees Celsius.
Finally, we selected another ocean initial state, still resembling the observations of the early 2014 but from a different part of the reference run, and conducted similar experiments by superimposing the same WWBs and EWBs as shown in Fig. S7 . The results support our main conclusions (i.e., the superimposed WWBs amplify the El Niño event, whereas the June EWB inhibits the El Niño development, leading to about a 1°C reduction of the wintertime El Niño amplitude in the ensemble mean sense). . Experimental results for three experimental sets. The Hovmöller diagrams show ensemble mean anomalies of (A, D, and G) SST, (B, E, and H) zonal wind stress, and (C, F, and I) SSH along the equatorial Pacific for (A-C) the CTL set, (D-F) the WWB set, and (G-I) the E+WWB set. In the ensemble mean sense, the two WWBs strengthen the El Niño event, whereas the subsequent EWB suppresses its development, resulting in a weak but relatively uniform warming along the equator that develops by the end of the year, consistent with the observations of the 2014 warm event. Anom, anomalies; TauX, zonal wind stress. Hu and Fedorov www.pnas.org/cgi/content/short/1514182113 9 of 9
